Objective: To understand why the population-based incidence of diverticulitis has increased over time, we studied temporal changes in age, body mass index (BMI), and diverticulitis in Olmsted County, Minnesota. Participants and Methods: We compared the BMIs of 2967 patients with diverticulitis and 9795 people without diverticulitis from January 1, 1980, through December 31, 2007. Because BMI is a surrogate for adipose tissue, computed tomographic estimations of abdominal fat content were compared between 381 diverticulitis cases and 381 age-and sex-matched controls. Results: Between 1980 and 2007, the prevalence of obesity increased from 12% to 49% in the population and from 19% to 40% in patients with diverticulitis (P<.001 for both). Temporal trends in age, BMI, and the increased incidence of diverticulitis in people with normal BMI accounted for 48%, 47%, and 20%, respectively, of corresponding trends in diverticulitis. The secular decline in the proportion of people with normal BMI was partly offset by an increased incidence of diverticulitis in such people. In the case-control study, BMI was greater in cases than in controls (P¼.001). However, after incorporating abdominal visceral (odds ratio [OR], 2.4; 95% CI, 1.6-3.7) and subcutaneous (OR, 2.9; 95% CI, 1.7-5.2) fat content (both associated with diverticulitis), BMI was associated with lower risk (OR, 0.8; 95% CI, 0.7-0.8) of diverticulitis. Conclusion: Aging, increasing obesity, and the increased incidence of diverticulitis in people with normal BMI account for the temporal increase in diverticulitis. Rather than BMI per se, increased abdominal visceral and subcutaneous fat are independently associated with diverticulitis. The incidence of diverticulitis, which is among the most common gastrointestinal diagnoses in hospitalized patients, has increased markedly since 2000. This study suggests that aging, increasing obesity, and the increased incidence of diverticulitis in people with normal BMI account for the temporal increase in diverticulitis.
I n the United States, the most common gastrointestinal tract diagnoses among hospitalized patients are diverticulitis and diverticular hemorrhage. 1 From 1998 through 2005, the number of patients who were admitted for diverticulitis or who underwent elective surgery related to diverticulitis increased by more than 25% overall and by more than 70% among younger patients (<45 years old). 2 In a previous population-based study from Olmsted County, Minnesota, we observed a statistically significant increase in the incidence of diverticulitis per 100,000 person-years over 28 years (115 in 1980-1989; 123 in 1990-1999; and 188 in 2000-2007) . 3 In that study, the increased incidence was partly explained by increased utilization of computed tomography (CT) of the abdomen over time to investigate abdominal pain. 3 Temporal trends in aging 4 and obesity 5 may also explain the increasing incidence of diverticulitis. However, the increased incidence of diverticulitis over time was most pronounced in people younger than 50 years. 3 Between 1980 and 2006, the US prevalence of obesity increased from 15% to 34%. 5 A meta-analysis observed that obesity and physical activity were associated with an increased and reduced risk of diverticular disease, respectively. 6 However, most studies in this meta-analysis relied on self-reported weight, and only 2 studies specifically addressed diverticulitis rather than diverticular disease in general. Among 47,228 health professionals in a prospective cohort study, 7 the risks of self-reported diverticulitis and diverticular bleeding were highest in those with high body mass index (BMI; calculated as the weight in kilograms divided by the height in meters squared), waist circumference, or waist-hip ratio. Age and BMI were risk factors for hospitalization for diverticulitis in a Norwegian population. 8 Although these studies suggest that there is an association between BMI and diverticulitis, several questions remain because previous studies that evaluated the link between BMI and diverticulitis relied on self-reported diverticulitis 7 or diverticulitis requiring hospitalization. 8 Because abdominal pain related to irritable bowel syndrome may be misattributed to diverticulitis, a clinical assessment may increase the specificity of a diagnosis of diverticulitis. 9 Inpatient series exclude most patients with uncomplicated disease, who are treated as outpatients. 10 Self-reported BMI may not be accurate. In other studies (eg, among 2222 patients with asymptomatic diverticulosis in a US Department of Veterans Affairs system), BMI was not a risk factor for diverticulitis. 11 Finally, all these studies used BMI. However, BMI is an imperfect surrogate marker for obesity because the correlation between BMI and visceral adipose tissue, which is the proximate risk factor for metabolic abnormalities (eg, insulin resistance and glucose intolerance) and inflammation, is imperfect. 12 A better understanding of the risk factors for diverticulitis may be helpful for reversing these temporal trends and planning future health care needs, particularly as the population ages. Following through on a previous population-based study, 3 we analyzed incidence trends from 1980 through 2007 as a function of age, sex, and BMI. Thereafter, we assessed the contribution of abdominal visceral and subcutaneous fat to diverticulitis through a case-control study. The primary aim was to evaluate the contribution of temporal trends in age, BMI, and the BMI-specific incidence of diverticulitis to temporal trends in incident diverticulitis.
METHODS

Setting
Through the population-based data resources of the Rochester Epidemiology Project, we identified individuals who were diagnosed as having diverticulitis while resident in Olmsted County from January 1, 1980, through December 31, 2007. 13 Patients were excluded from the study if they did not allow research use of their medical records. This project was approved by the Mayo Clinic and Olmsted Medical Center institutional review boards.
As described elsewhere, 14 residents of Olmsted County receive nearly all their medical care at the outpatient and inpatient facilities of Mayo Clinic and Olmsted Medical Center, and population-based epidemiologic research is possible because medical records with indexed diagnoses have been maintained for more than 100 years. Because the Rochester Epidemiology Project also indexes medical records of county residents' other providers, the epidemiology of several medical conditions can be documented. 15 
Identification of Patients and Review of Case Records
This study includes all Olmsted County patients diagnosed as having diverticulitis between January 1, 1980, and December 31, 2007. Diagnoses were established using the Berkson Coding System from January 1, 1980, through December 31, 1987 , and International Classification of Diseases, Ninth Revision, Clinical Modification codes from January 1, 1988, through December 31, 2007. 3 In a subset of patients, the medical record diagnosis was confirmed by physician review of medical records. All 100 randomly selected patients satisfied American Society of Colorectal Surgeons clinical criteria for sigmoid diverticulitis, 16 that is, acute-onset abdominal pain and left lower quadrant tenderness on examination; however, surgery disclosed acute appendicitis in 1 patient. In addition, the diagnosis was confirmed by review in all 839 patients with complicated or recurrent diverticulitis or who required surgery for diverticulitis.
reviewed to obtain the BMI on the closest date before or after the diagnosis of diverticulitis.
Obesity Trends in Olmsted County
To estimate the contribution of temporal trends in obesity in the overall population to incident diverticulitis, we extracted the age, sex, and BMI for 9795 residents who participated in 5 population-based studies from Olmsted County conducted from 1980 through 2004. 17 Data from 2009 through 2014 were obtained from the Mayo Clinic records of 92,824 unique Olmsted County residents who had 273,271 visit-year values over that time. (For residents in whom BMI was measured more than once in a given year, a yearly mean was used.) Populationbased data for 2005 through 2008 were derived by interpolation. Then, these data sets were combined to estimate the age-and sex-specific BMI distribution for every year of age and every calendar year in the Olmsted County population from 1980 through 2014. These model-based estimates of the population BMI were integrated with the Olmsted County census data to construct an Olmsted County population database stratified by age, sex, calendar year, and BMI category (ie, <25, 25 to <30, and !30). This population was then merged with the diverticulitis incidence data set that was also stratified by the same 4 variables from 1980 through 2007.
Case-Control Study of Abdominal Visceral and Subcutaneous Fat and Diverticulitis
During the index episode, 897 of 3222 patients (28%) underwent CT of the abdomen; an experienced radiologist (J.G.F.) reviewed the scans using standardized criteria 3 to diagnose diverticulitis and complications. From another population-based cohort, 381 healthy persons were identified who had CT scans of the abdomen for an epidemiologic study of osteoporosis but no lifetime history of diverticulitis (ie, controls). 18 A case-control study was conducted with 381 case-control pairs; cases and controls were matched by age (AE5 years), sex, and date of CT (AE5 years). The area of abdominal visceral and subcutaneous fat at the L3 vertebral level was measured using a validated in-house software program that automatically calculated and placed 3 boundary lines between external air and subcutaneous fat (boundary 1), between subcutaneous fat and abdominal wall/ paraspinal muscles (boundary 2), and between abdominal wall/paraspinal muscles and visceral fat (boundary 3) (Figure 1 ). 19 The same reviewer manually corrected the boundaries using the mouse-computer interface as necessary. The software identified attenuation values from À190 through À30 Hounsfield units between boundaries 1 and 2 and between boundaries 2 and 3 to measure abdominal subcutaneous and visceral fat, respectively. Between boundaries 2 and 3, the software automatically created masks for colonic content. Visceral fat excluded bowel content. Visceral fat and subcutaneous fat areas were divided by the square of patient height (in meters) to calculate corresponding indices.
Statistical Analyses
Incidence. The incidence rate of diverticulitis was calculated using incident cases as the numerator and the entire at-risk population of Olmsted County as the denominator (ie, the numbers of age-, sex-, and BMI-specific persons) and was derived from decennial census data (every decade from 1980 through 2010) with linear interpolation between census years, combined with the BMI population model described previously herein. 20 Estimates of standard error and 95% CI assumed that the incidence episodes followed a Poisson distribution. 20 Temporal trends in the incidence rates were analyzed using Poisson regression models with a logarithmic link function and log (population) offset term that included age, sex, and calendar period alone and together with BMI categories as the X variables, and the counts of incidence events in each age-, sex-, and calendar-yeareBMI bin as the Y variable. We considered both to be main effects models, which considered only the main effects of each X variable, and models that added 2-way interactions between each X variable and BMI category.
Attributable Risk. To estimate the contributions of temporal trends in age, BMI, and the BMI-specific diverticulitis incidence rate to temporal trends in incidence of diverticulitis (ie, attributable risk), Poisson models were applied to 4 simulated population data sets in which 1 or more of these variables was not allowed to change from 1980 through 2007. The risk attributable to these factors was estimated by comparing the incidence of diverticulitis among these simulated data sets.
Case-Control Study. Multivariable conditional logistic regression models of the matched case-control pairs were used to evaluate the contribution of normalized visceral fat and subcutaneous fat to incident diverticulitis.
RESULTS
A total of 3222 patients had an initial (index) diagnosis of diverticulitis from January 1, 1980, through December 31, 2007. Of these, 3190 patients (99%) had provided research authorization (1888/56% were women, and the mean AE SD age was 62AE16 years). As noted previously, 3 the incidence of diverticulitis was 115 for 1980 through 1989 (per 100,000 person-years sex-and age-adjusted to the 2000 US white age distribution); for 1990 through 1999 the incidence was 123 (a 7% increase) (P<.001), and for 2000 through 2007 it was 188 (an additional 53% increase) (P<.001).
The BMI was available for 2980 of the 3190 patients (93%) within a mean AE SD of 38AE69 days of the date of index diverticulitis. The proportion of patients for whom the BMI was not available was greater in more recent calendar years (P<.001) and for people who were younger at the index episode of diverticulitis (P<.001). However, this was not related to sex (P¼.06). Of these 2980 patients, 2967 (99.6%) had a health care encounter after the diagnosis of diverticulitis and constitute the primary data set for this study. In model 4 (calendar year Â BMI interaction model), the main effects suggest that the incidence of diverticulitis increased over time (IRR, 1.34 per decade; 95% CI, 1.22-1.46 per decade). The interaction terms suggest that compared with people with a BMI less than 25, this increase, over time, was lower in overweight (IRR, 0.76; 95% CI, 0.68-0.85) and obese (IRR, 0.67; 95% CI, 0.60-0.76) people. Consequently, the incidence rates among BMI categories converged in 2007 (Figure 3) .
In summary, the effects of sex, age, and calendar period on incident diverticulitis were most pronounced in people with a BMI less than 25.
Relative Contribution of Temporal Trends in Age, BMI, and BMI-Specific Incidence Rates to Temporal Trends in the Incidence of Diverticulitis
The contribution of BMI to corresponding trends in diverticulitis is a product of 2 factors: temporal trends in the distribution of BMI per se and temporal trends in the risk of diverticulitis for a given BMI. Simulations were used to evaluate the relationships between trends in these factors and age and their effect on temporal trends in diverticulitis.
The BMI-specific incidence of diverticulitis increased over time after 1980 in people with a BMI less than 25 (Table 1) . Therefore, scenario 1 (Table 2 ) simulated a population in which the BMI-specific incidence of diverticulitis increased over time in people with a BMI less than 25 but fixed it, at the 1980 rate, in the other BMI categories. The distributions of BMI and age in the population were allowed to change as observed. In scenario 1, the incidence of diverticulitis per 100,000 people increased by 57.0 (ie, from 60.8 to 117.8) from 1980 through 2007, which is similar to the actual increase in the raw incidence of diverticulitis (ie, from 77.2 to 125.2) over the same period. Scenario 2 differs from scenario 1 by fixing age distribution at the 1980 distribution. Scenario 3 differs from scenario 1 by fixing the diverticulitis incidence rate in normal BMI at the 1980 level. Finally, scenario 4 fixes both the BMI distribution and the BMI-specific diverticulitis incidence rate at 1980 levels.
A comparison of temporal trends among these 4 scenarios suggests how the following contribute to an increase in the incidence of 
Relationship Between Abdominal Visceral Fat Content and Diverticulitis in the Case-Control Study
Age and sex were, by design, similar between cases and controls (Table 3 ). In the univariate analysis, mean AE SD BMI was greater in cases (29.8AE6.3) than in controls (28.3AE5.3) (P¼.001). However, after adjusting for visceral and subcutaneous fat content in the multivariable model, higher BMI was associated with a lower risk of diverticulitis (odds ratio [OR], 0.8; 95% CI, 0.7-0.8). In this model, the normalized indices of visceral (OR, 2.4; 95% CI, 1.6-3.7) and subcutaneous (OR, 2.9; 95% CI, 1.7-5.2) fat were independently associated with an increased risk of diverticulitis. The interaction terms between these parameters and BMI were also significant: Increased visceral and subcutaneous fat content was associated with a higher risk of diverticulitis in people with a higher BMI.
DISCUSSION
Compared with 1990 through 1999, the incidence of diverticulitis increased by 50% in 2000 through 2007. Concomitantly, the prevalence of obesity in Olmsted County increased from 12% to 49% in the overall adult population and from 19% to 40% in patients with diverticulitis. At the same time, the Olmsted County population has aged; the proportion of individuals aged 45 to 64 years and 65 years and older increased from, respectively, 16% and 10% in 1990 to 20% and 10% in 2000 and 25% and 12% in 2010. 15 Age, BMI, and male sex are known risk factors for diverticulitis. Human aging is also characterized, in part, by a chronic, low-grade inflammation in various organs. 21 However, the contributions of these risk factors to observed temporal trends in diverticulitis are unknown. By sequentially using innovative approaches, we analyzed the contributions of age, BMI, and sex and their interactions to temporal trends in a large, truly populationbased (ie, outpatients and inpatients) cohort of people with physician-documented diverticulitis. These approaches include an assessment of temporal trends in BMI in the Olmsted County population and separately in diverticulitis, simulated data sets to dissect the relative contributions of age and BMI to temporal trends in diverticulitis, and a case-control study to evaluate the contribution of visceral and subcutaneous fat to diverticulitis.
Aging, increasing obesity, and the increased incidence of diverticulitis in people with normal-weight BMI accounted for approximately 48%, 47%, and 20%, respectively, of the observed temporal increase in the incidence of diverticulitis. (Because of the overlapping effects of different risk factors, it is recognized that the cumulative estimated attributable risk can exceed 100% [ie, 115% in this instance]). 22 Over time, the risk of diverticulitis increased markedly in people with a normal BMI but was unchanged in people with a BMI of 25 to 30 and declined in people with a BMI greater than 30 kg/m 2 . Thus, the secular decline in the proportion of people with normal-weight BMI was partly offset by an increased incidence of diverticulitis in people with a normal-weight BMI.
Older people and men also had an increased risk of diverticulitis. The interaction terms suggest that the incremental risks related to age and male sex were lower in overweight and obese people.
Why did the incidence of diverticulitis increase over time in people with a normal BMI? It is widely recognized that a subset of normalweight individuals express cardiometabolic abnormalities associated with being overweight or obese. 23 Indeed, among 5440 participants in the National Health and Nutrition Examination Survey from 1999 through 2004, approximately 24% of normal-weight adults had 2 or more metabolic abnormalities (ie, elevated blood pressure, triglycerides, or glucose levels; decreased high-density lipoprotein cholesterol level, insulin resistance, or systemic inflammation). Moreover, the National Health and Nutrition Examination Survey observed that the BMI plateaued but waistlines, reflecting abdominal obesity, continued to increase in the first decade of the 21st century. 24 That study and several others have observed that people with similar BMIs have various amounts of visceral adipose tissue. 12, 25 In the present case-control study, the BMI was greater in cases than in controls. However, after adjusting for visceral and subcutaneous adipose tissue, a higher BMI was associated with a lower risk of diverticulitis, perhaps suggesting that muscle and bone mass protect against diverticulitis. Indeed, visceral and subcutaneous adipose tissue were independently associated with diverticulitis. Because adjusting for visceral and subcutaneous adipose tissue eliminated the BMI-related risk of diverticulitis, these data strongly suggest that the BMI-related risk of diverticulitis is mediated by visceral and subcutaneous adipose tissue. Absent an intervention targeted to reduce abdominal fat, these observations reflect an association rather than a cause-effect relationship. However, it seems implausible that diverticulosis predisposes to increased abdominal fat.
Previous studies have suggested that obesity is a risk factor for diverticulitis. Among 47,228 male health professionals, increased BMI, waist circumference, and waist-hip ratio were associated with an increased risk of selfreported diverticulitis over 18 years. 7 A questionnaire-based study among US male health professionals aged 40 to 75 years 26 and an analysis of hospitalizations for diverticular disease among men aged 47 to 55 years in a Swedish community 27 also found positive associations between BMI and symptomatic diverticular disease (diverticulitis, diverticular bleeding, or nonspecific pain or bowel symptoms in patients with diverticulosis). In comparison, the present study was population-based, included adult men and women of all ages, and evaluated temporal trends rather than the point incidence of diverticulitis, which was diagnosed from medical records rather than from self-report. The sample size (ie, nearly 3000 patients) in this study is much larger than in previous studies. 7, 26, 27 Although increased visceral fat or central obesity is widely recognized to be pathologic, 12, 25 increased subcutaneous fat is also associated with similar pathologic features, including global insulin resistance, a higher Framingham risk score, and greater expression of proinflammatory, lipogenic, and lipolytic genes. 28 Increased abdominal visceral fat and, to a lesser extent, subcutaneous fat also independently predict the development of metabolic risk factors (eg, higher blood glucose levels) in the future. 29 Visceral and subcutaneous adipose recruit macrophages that are activated by free fatty acids and release proinflammatory cytokines (eg, tumor necrosis factor-a and interleukin-6), which can cause inflammation. 30 Obesity-induced alterations in the colonic microbiome may also predispose persons to diverticulitis. Both obesity and diverticulitis 31 are associated with alterations in the intestinal microbiome (eg, an increased ratio of Firmicutes to Bacteroidetes). Obesity is also associated with other risk factors for diverticulitis, such as low dietary fiber intake, red meat consumption, and physical inactivity. 7 From a public health perspective, these observations suggest that actual or surrogate measures (eg, waist circumference, serum triglyceride levels) of visceral fat may be helpful to identify individuals with diverticulosis who have an increased risk of incident diverticulitis. 25 Because visceral adipose tissue is associated not only with metabolic syndrome and cardiovascular disease but also with esophageal inflammation, metaplasia, and adenocarcinoma, perhaps waist circumference and fat (visceral and subcutaneous) should be routinely measured during physical examination and abdominal CT, respectively. 32 Perhaps future trials (eg, of aminosalicylates) 33 to prevent incident or recurrent diverticulitis should stratify treatment based on visceral adiposity. The methods used in this study may be applied to understand the contributions of aging and obesity in other age-related diseases, such as arthritis, diabetes, and dementia. 21 There were some limitations to this study. Patients were identified from an electronic database. The diagnosis of diverticulitis was confirmed by reviewing the medical records in 939 of 3222 patients. Although complications and surgery related to diverticulitis were confirmed by physician review for all the patients, abdominal pain related to irritable bowel syndrome may be misattributed to diverticulitis. 9 The BMI was not available for 7% of patients with diverticulitis. Between 1980 and 2007, only 1.6% of Olmsted County residents had a BMI less than 18.5, limiting our ability to analyze this group separately. Other putative risk factors for diverticulosis or diverticulitis (ie, diet, bowel habits, and physical inactivity) were not evaluated. However, constipation and low dietary fiber content were not associated with diverticulosis in a recent study. 34 In a population of 47,228 individuals, vigorous but not nonvigorous physical activity was associated with lower risk of diverticulitis. 35 Although the emigration rate from Olmsted County is low, some patients may have received treatment for complications elsewhere without documentation of that treatment appearing in the local records. The rate of those occurrences would not be expected to have varied during the study period.
CONCLUSION
Aging, increasing obesity, and the increased incidence of diverticulitis among people with normal-weight BMI accounted for the increased incidence of diverticulitis over time. Rather than BMI, it is increased visceral and subcutaneous adipose tissue that are independently associated with diverticulitis.
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